It has been suggested that proinflammatory cytokines, such as tumor necrosis factor alpha (TNF-␣) and interleukin 1 (IL-1), have an inhibitory role in gonadal functions, particularly in the steroidogenesis of Leydig cells. Elevated TNF-␣ and IL-1 levels have been observed in human patients with critical illness, burns, and sepsis (5, 6, 10) who experience depressed gonadal functions with low serum testosterone levels (54, 58) . Furthermore, administration of TNF-␣ to healthy men and rats causes a decrease in serum testosterone levels (37, 52) , while treatment with TNF-␣ or IL-1 causes an inhibition of steroidogenesis in cultured Leydig cells (reviewed in reference 18).
Steroidogenesis in Leydig cells is initiated with cholesterol transfer into the mitochondria, which is mediated by the steroidogenic acute regulatory (StAR) protein. In the mitochondria, cholesterol is converted to pregnenolone by the cholesterol side chain cleavage enzyme (P450scc). Pregnenolone is then converted sequentially to progesterone by 3␤-hydroxysteroid dehydrogenase/⌬ 5 -⌬ 4 isomerase (3␤-HSD), to 17␣-hydoxyprogesterone and then to androstenedione by 17␣-hydroxylase/C [17] [18] [19] [20] lyase (P450c17), and finally to testosterone by 17␤-hydroxyateroid dehydrogenase. Steroidogenesis in Leydig cells is primarily regulated by the pituitary gonadotropin luteinizing hormone (LH) through the production of the intracellular second messenger cyclic AMP (cAMP). cAMP stimulates steroidogenesis by increasing the expression of steroidogenic-enzyme genes (reviewed in reference 43) .
Proinflammatory cytokines, such as TNF-␣, IL-1, and IL-6, inhibit testicular Leydig cell steroidogenesis at the level of gene expression of different steroidogenic enzymes (reviewed in reference 18). For example, TNF-␣ decreases the expression of P450scc, P450c17, and 3␤-HSD in primary cultures of mouse Leydig cells (59, 60) and decreases the expression of StAR in primary cultures of porcine Leydig cells (34) . However, the molecular mechanisms of gene repression by proinflammatory cytokines are not well understood.
The expression of steroidogenic-enzyme genes is mainly regulated at the transcriptional level. Previous studies have suggested that the orphan nuclear receptor Nur77, as well as SF-1, regulates the expression of steroidogenic-enzyme genes (38, 42, 46, 61) . Nur77, which is also known as NGFI-B, TR3, and NAK-1, is a member of the Nur77 gene family, which contains the orphan nuclear transcription factors Nurr-1 and NOR-1. These factors are highly homologous in the zinc finger DNAbinding domain, moderately homologous in the ligand-binding domain, and somewhat divergent in the N terminus (12) . The Nur77 family members regulate the steroidogenic-enzyme genes encoding steroid 21␣-hydroxylase, P450c17, and 20␣-hydroxysteroid dehydrogenase (51, 57, 62) . A Nur77-binding site within the rat P450c17 gene promoter has been identified (62) . Although Nur77 coregulators are not well identified, recent studies have shown that steroid receptor coactivator 1 (SRC-1) family gene products and SMRT (silencing mediator of retinoid and thyroid receptors) regulate the transactivation of Nur77 through direct protein-protein interactions (32, 48) .
TNF-␣ and IL-1 are known to activate nuclear factor B (NF-B). NF-B is a pivotal transcription factor that governs the expression of early-response genes involved in numerous cellular responses to a wide range of signals. The major form of NF-B is a heterodimer of the p65 (RelA) and p50 subunits. In the inactivated state, NF-B is sequestered in the cytoplasm through its association with the inhibitor protein IB. Activation of the NF-B signaling cascade results in the phosphorylation and subsequent degradation of IB, which allows the translocation of NF-B to the nucleus (8) . Previous studies have shown that NF-B interacts with other proteins. While NF-B transactivation function is modulated by proteins such as C/EBP, SRC-1, glucocorticoid receptor, and retinoic acid X receptor (35, 39, 40, 50) , NF-B is able to repress the activities of other transcription factors, such as steroid receptors (20, 35, 36, 41) .
In the present study, we investigate the molecular mechanism by which TNF-␣ inhibits steroidogenesis in testicular Leydig cells. Using mice and Leydig cell lines, we demonstrate that TNF-␣ exerts its inhibitory action on steroidogenesis at least through activated NF-B, which inhibits the transactivation of the orphan nuclear receptors Nur77 and SF-1. Such an inhibitory effect is mediated in part by the competition of the p65 subunit of NF-B for Nur77 binding with its coactivators. These findings provide a mechanistic explanation for the longstanding observation that proinflammatory cytokines suppress the expression of testicular steroidogenic enzymes.
MATERIALS AND METHODS
Animals. FVB mice were purchased from a commercial supplier (Daehan Laboratories, Daejon, Korea). Ten-week-old male mice were injected intraperitoneally with recombinant mouse TNF-␣ (Pierce Biotechnology, Inc.) at 50 g/kg of body weight for 6 h. The animals were kept in a cage with water and chow available and were maintained under controlled conditions (12-h light and dark photoperiods; 50% humidity; 22°C). The ethical treatment of animals was carried out according to National Institutes of Health standards.
Plasmids. The mammalian expression vectors of p65, p50, and IB and the glutathione S-transferase (GST)-p65, GST-p50, and Gal4-p65 constructs were described previously (39) . The mammalian expression vector of SF-1 and the reporter SFRE-Luc were previously described (22) . Mammalian expression constructs of Nur77, Nurr-1, NOR-1, and Nur77⌬AF2 and the reporter plasmids NurRE-Luc and NBRE-tk-Luc were previously described (48, 49) . GST-Nur77 and Gal4-Nur77 were constructed by cloning the full-length cDNA of Nur77 into pGEX-4T-2 and pCMX-Gal4N, respectively. VP16-Nur77 full-length and deletion mutants were constructed by cloning the full-length cDNA of Nur77 or its deletion mutants into pCMX-VP16-N. GST-Nur77N and GST-Nur77C constructs were obtained by cloning the N-terminal (amino acids 1 to 254) and C-terminal (amino acids 255 to 597) regions of Nur77 into pGEX-4T-1. Mouse StAR(Ϫ2200/ϩ3)-Luc and StAR cDNA as a probe were previously described (26) . The rat P450c17-luciferase expression constructs P450c17(Ϫ1561/ϩ1)-Luc, TK32-Luc, WT(Ϫ447/-399)P450c17-Luc, and Mut(Ϫ447/-339⌬2)P450c17-Luc were previously described (14, 62) . Mouse 3␤-HSD(Ϫ4700/ϩ40)-Luc and 3␤-HSD cDNA were kindly donated by A. H. Payne (Stanford University). Rat P450c17 cDNA and P450scc for probes were amplified from a rat testis cDNA library by PCR using forward (5Ј-GGCATAGAGACAACTACCAC-3Ј; nucleotides 946 to 965) and reverse (5Ј-AAACCTCTGCAGTAGCAAGG-3Ј; nucleotides 1408 to 1428) primers for P450c17 (GenBank accession number M31681) and forward (5Ј-CCACTTCCTGAGGGAGAACG-3Ј; nucleotides 203 to 222) and reverse (5Ј-TTCCAGCTCTGCAATCCGCC-3Ј; nucleotides 1405 to 1424) primers for P450scc (GenBank accession number J05156).
Cell culture. R2C cells were maintained in F10 medium supplemented with 15% horse serum and 2.5% fetal bovine serum, and K28 cells were maintained in Dulbecco's minimum essential medium supplemented with 15% fetal bovine serum. HeLa and CV-1 cells were maintained in Dulbecco's minimum essential medium supplemented with 10% fetal bovine serum. All cells were cultured at 37°C in 5% CO 2 .
Transient-transfection assays. Transfections were carried out using the Effectene (Qiagen) transfection reagent for HeLa and CV-1 cells and the Lipofectamine Plus (Invitrogen) transfection reagent for K28 and R2C cells, according to the manufacturers' specifications. Cells were plated in 24-well plates and transfected with the appropriate amounts of expression plasmids, a reporter plasmid, and the control lacZ expression plasmid pCMV␤ (Clontech). The total amount of DNA was kept constant by adding appropriate amounts of pcDNA3 empty vector. Typically, for 24-well plates, 200 and 400 ng of DNA per well were used for Effectene and Lipofectamine Plus transfection reagents, respectively. The cells were treated with 10 ng of TNF-␣ (Endogen)/ml for 24 h after 24 h following transfection. The cells were treated with trichostatin A (TSA) for 20 h before being harvested. The cells were lysed 42 to 48 h after transfection using lysis buffer containing 0.1% Triton X-100 and 0.2 M Tris-HCl (pH 8.0). Luciferase and ␤-galactosidase activities were assayed as described previously (27) . The levels of luciferase activity were normalized to the lacZ expression. Transfections were done in duplicate for each construct, and all values represent the mean Ϯ standard deviation of at least three independent transfection experiments.
Northern blot analysis. Total RNA was prepared from testes and R2C cells using Tri Reagent (Molecular Research Center, Inc.). Twenty micrograms of total RNA was separated on a 1.2% denaturing agarose gel, transferred onto Zeta-probe nylon membrane (Bio-Rad), and immobilized by UV cross-linking. The membrane was hybridized with a random-primed 32 P-labeled StAR, P450scc, P450c17, or 3␤-HSD cDNA probe as described previously (27) . The membrane was reprobed for GAPDH (glyceraldehyde-3-phosphate dehydrogenase) as a loading control.
GST pull-down assay. GST, GST-p65, GST-Nur77, GST-Nur77N(AF-1), and GST-Nur77C(DBD/LBD/AF2) fusion proteins were expressed in Escherichia coli BL21 cells and isolated with glutathione-Sepharose-4B beads (Amersham Bioscience AB). The immobilized GST fusion proteins were then incubated with [ 35 S]methionine-labeled proteins produced by in vitro translation using the TNTcoupled transcription-translation system (Promega). The binding reactions were carried out in 250 l of GST binding buffer (20 mM Tris-HCl at pH 7.9, 150 mM NaCl, 10% glycerol, 0.05% NP-40, 5 mM MgCl 2 , 0.5 mM EDTA, 1 mM dithiothreitol [DTT], and 1.5% bovine serum albumin) for 4 h at 4°C. The beads were washed three times with 1 ml of GST binding buffer and one time with phosphate-buffered saline containing protease inhibitors. Bound proteins were eluted by adding 20 l of sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) sample buffer and analyzed by SDS-PAGE and autoradiography (27) .
Coimmunoprecipitation. In vivo coimmunoprecipitation assays were performed with rat Leydig R2C cells. The exponentially growing R2C cells were cultured in F10 culture medium for 1, 3, or 6 h in the presence of 10 ng of TNF-␣/ml. The cells were harvested with RIPA cell lysis buffer (50 mM Tris-HCl at pH 7.5, 50 mM NaCl, 1 mM EGTA, 1% Triton X-100, 50 mM NaF, 1 mM Na 3 VO 4 , 1 mM Na 4 P 2 O 7 , 1 g of aprotinin/ml, 0.1 g of leupeptin/ml, 1 g of pepstatin/ml, 0.1 mM phenylmethylsulfonyl fluoride, and 1 mM DTT). The whole-cell lysate (200 g) was incubated with 8 g of anti-Nur77 (Santa Cruz Biotechnology) or anti-SF-1 antibody (a kind gift from K. Morohashi, National Institute for Basic Biology, Okazaki, Japan) for 4 h at 4°C and incubated for another 4 h after the addition of 20 l of a protein A-agarose bead slurry (Invitrogen). The agarose beads were then washed four times with RIPA buffer at 4°C. Bound proteins were separated by SDS-PAGE and transferred to a nitrocellulose membrane (Sigma Chemical Co.). The blots were analyzed using anti-Nur77, anti-p65, anti-SRC-1 (Santa Cruz Biotechnology), anti-HDAC4, anti-HDAC1 (Zymed Laboratories Inc.), and anti-SF-1 antibodies and then detected with an ECL kit (Amersham Pharmacia) (48) .
ChIP assay. Testes from adult male mice injected with TNF-␣ were dissected out, chopped, and cross-linked with 1% formaldehyde for 15 min at room temperature on a rotating platform. After 15 min, the cross-linking reaction was stopped by the addition of glycine to a final concentration of 0.125 M for 5 min at room temperature (56) . R2C cells were treated with 10 ng of TNF-␣/ml for 3, 6, or 12 h or untreated and cross-linked with 1% formaldehyde. After incubation of the samples with TSE I (100 mM Tris-HCl at pH 9.4 and 10 mM DTT) for 20 min at 30°C, the cells were washed and processed for chromatin immunoprecipitation (ChIP) assays as previously described (47) . Anti-Nur77, anti-SF-1, anti-p65, anti-p50 (Santa Cruz Biotechnology), or anti-SRC-1 antibody was used for immunoprecipitation. Immunoprecipitated DNA and input sheared DNA were subjected to PCR using either rat P450c17 primer pairs (sense, 5Ј-GATC TGAATGGCTCCTATGC-3Ј, and antisense, 5Ј-ATCCTCCCAGAGGCAAAT GC-3Ј), which amplify a 253-bp region (Ϫ533 to Ϫ281) spanning the Nur77/SF-1 binding site of the rat P450c17 gene promoter, or mouse P450c17 primer pairs (sense, 5Ј-TTTCAGGGGCCAGAAGGTG-3Ј, and antisense, 5Ј-TCCTCCCAG AGGCAAATGC-3Ј), which amplify a 541-bp region (Ϫ837 to Ϫ296) spanning putative Nur77 and SF-1 binding sites of the mouse P450c17 gene promoter. As a negative control, PCRs were done using actin primer pairs (sense, 5Ј-GAGA CCTTCAACACCCCAGCC-3Ј, and antisense, 5Ј-CCGTCAGGCAGCTCATA GCTC-3Ј) which amplify a 362-bp region spanning exon 4 of the ␤-actin gene.
RIA. Testosterone and progesterone concentrations were measured by radioimmunoassay (RIA). Dissected testes were homogenized in phosphate-buffered saline (0.01 M; pH 7.2), and steroid was extracted three times with 3 volumes of diethyl ether. The exponentially growing R2C cells seeded onto a 24-well culture plate (8 ϫ 10 4 /well) were cultured for 24 h in F10 medium supplemented with 15% charcoal-stripped fetal bovine serum. Culture medium was collected for RIA at the appropriate time points after changing to fresh medium containing 10 ng of TNF-␣/ml. The culture media were assayed directly without further purification. Each treatment group contained duplicate cultures, and each experiment was repeated at least twice. Assay procedures were followed as previously described (1, 24) , using labeled testosterone ( [1,2,6,7- 3 H]testosterone; 96 Ci/ mol) and progesterone ( [1,2,6,7- 3 H]progesterone; 96 Ci/mol) obtained from NEN.
RESULTS

TNF-␣ inhibits the expression of steroidogenic enzyme genes in R2C Leydig cells and mouse testis. TNF-␣ has been
shown to inhibit steroidogenesis in primary Leydig cells at the level of steroidogenic-enzyme gene expression (18) . We confirmed this observed inhibition in the R2C rat Leydig cell line, which is constitutively steroidogenic (44) . The testosterone level of the cultured medium became lower than that of the control after 1 to 2 h of treatment with TNF-␣ and reached only ϳ50% of the control level after 12 h of treatment (Fig.  1A ). This inhibition of testosterone biosynthesis was accompanied by decreased transcript levels of steroidogenic enzymes, such as StAR, P450scc, P450c17, and 3␤-HSD (Fig. 1B) . The transcript levels went down after 2 h of treatment with TNF-␣ but recovered almost fully at ϳ12 h of treatment. Interestingly, the transcript levels decreased again with a longer TNF-␣ treatment, indicating a biphasic pattern of regulation. There was little change in the transcript levels of steroidogenic enzymes in the non-TNF-␣-treated control cells through the time course of the experiment (data not shown). The biphasic effect of TNF-␣ on NF-B activation, at the levels of both NF-B nuclear translocation-DNA-binding and transactivation function, has been reported (15, 19, 25) , although the biological significance of the biphasic profile of NF-B activation remains poorly understood.
We also confirmed the TNF-␣ inhibition of testicular steroidogenesis and steroidogenic-enzyme expression in animals. Six hours after the administration of TNF-␣ to adult mice, testicular testosterone and progesterone levels were reduced to ϳ10 and 25% of the untreated-control levels, respectively (Fig. 1C) . This TNF-␣ inhibition of steroidogenesis was also accompanied by a decreased transcript level of P450c17 in the testis, as in R2C Leydig cells (Fig. 1D) .
TNF-␣ suppresses the promoter activity of steroidogenicenzyme genes. We then tested the effect of TNF-␣ on the transcription of steroidogenic-enzyme genes by transiently transfecting K28 mouse Leydig cells, which were transfected with reasonable efficiency, with StAR-Luc, P450c17-Luc, or 3␤-HSD-Luc, a luciferase reporter construct containing a promoter of the steroidogenic-enzyme genes. The LH-induced activation of the promoters was suppressed almost to basal levels by TNF-␣ treatment (Fig. 2) . These results suggest that TNF-␣ signaling represses the promoter activity of steroidogenic-enzyme genes, resulting in the reduction of their transcript levels. TNF-␣ suppresses steroidogenic-enzyme gene promoters activated by orphan nuclear receptors. Previous studies have shown that the gene expression of steroidogenic enzymes in Leydig cells is regulated by orphan nuclear receptors, such as SF-1 and Nur77 (38, 42, 46, 61) . To investigate whether TNF-␣ signaling affects the promoter activation of steroidogenic-enzyme genes by orphan nuclear receptors, K28 Leydig cells were cotransfected with Nur77 or SF-1 expression plasmid, along with each of the reporter constructs, StAR-Luc, P450c17-Luc, and 3␤-HSD-Luc, and treated with TNF-␣ or untreated (Fig.  3) . The overexpression of Nur77 or SF-1 increased promoter activity from the P450c17-Luc and 3␤-HSD-Luc constructs and only slightly increased activity from the StAR-Luc construct. TNF-␣ treatment suppressed the activation of the steroidogenic-enzyme gene promoters by the orphan nuclear receptors Nur77 and SF-1. These results suggest that TNF-␣ signaling may affect the transcriptional activities of Nur77 and SF-1 on steroidogenic-enzyme gene promoters in Leydig cells.
NF-B is involved in the TNF-␣-mediated suppression of steroidogenic enzyme gene promoters activated by orphan nuclear receptors. TNF-␣ activates the transcription factor NF-B, its major downstream effector. Furthermore, it was previously demonstrated that the p65 subunit of NF-B interacts with SF-1 protein and inhibits SF-1 transactivation to regulate gene expression (22) . Thus, we first investigated the involvement of NF-B in the TNF-␣-mediated suppression of steroidogenic enzyme gene promoters using pyrrolidine dithiocarbamate (PDTC), an antioxidant that has been widely used as an NF-B inhibitor (4) . PDTC treatment efficiently blocked the TNF-␣ downregulation of the Nur77-stimulated P450c17 and 3␤-HSD gene promoters (Fig. 4A) . Furthermore, coexpression of the p65 subunit with the orphan nuclear receptor Nur77 or SF-1 in K28 Leydig cells reduced luciferase activity from the StAR, 3␤-HSD, and P450c17-Luc reporters to below or near basal levels (Fig. 4B) . Concurrent treatment of TNF-␣ with the coexpression of p65 caused a further inhibition of the promoter activities. The p65-mediated gene repressions were almost fully recovered by coexpression of IB, the inhibitor of NF-B. The same inhibitions of P450c17 gene promoter activity by TNF-␣ and the p65 subunit were observed in R2C cells (Fig. 4C) . In R2C cells, overexpression of Nur77 or SF-1 further activated the P450c17 gene promoter to a small extent, which was probably due to the constant high activation of the promoter in the constitutively steroidogenic R2C cells. Together, these results suggest a role for the p65 subunit of NF-B in the TNF-␣-mediated suppression of Nur77-and SF-1-stimulated transcriptional activities of the steroidogenicenzyme gene promoters.
The p65 subunit of NF-B functionally interacts with Nur77 protein. A Nur77/SF-1 binding site has been defined in the rat P450c17 promoter (62) . To examine whether the p65 subunit of NF-B functionally interacts with Nur77/SF-1 protein on the P450c17 promoter, the Nur77 or SF-1 expression plasmid was cotransfected into K28 Leydig cells with or without the p65 expression vector and a reporter plasmid containing the defined promoter, TK32-Luc-WT(Ϫ447/-399)P450c17-Luc, containing the Nur77/SF-1 binding site upstream of TK32-Luc, or Mut(Ϫ447/-339⌬2)P450c17-Luc, in which the Nur77/SF-1 site was mutated (Fig. 5A) . Expression of the control reporter TK32-Luc was unaffected by the coexpression of Nur77 or SF-1, as well as the p50 or p65 subunit. However, the expression of WT(Ϫ447/-399)P450c17-Luc was stimulated by the coexpression of either Nur77 or SF-1, as expected. Coexpression of p65 suppressed the Nur77-or SF-1-stimulated promoter activity to basal levels. On the other hand, coexpression of the p50 subunit of NF-B did not inhibit the Nur77/SF-1-stimulated promoter activity. Rather, it appeared to increase the Nur77-stimulated activity but not the SF-1-stimulated activity. Although p50 homodimers were shown to act as repres- sors, there are several reports that have suggested that in certain cases the p50 homodimer can transactivate gene expression, especially after interaction with particular nuclear proteins (7, 11, 13, 21) . Expression of either the p65 or p50 subunit alone did not affect the expression of WT(Ϫ447/-399)P450c17-Luc. The promoter activation by Nur77/SF-1 and suppression by p65 were not observed with the Mut(Ϫ447/-339⌬2)P450c17-Luc reporter (62) .
To confirm the functional interaction between Nur77 and the p65 subunit of NF-B, HeLa cells were cotransfected with the Nur77 and p65 expression plasmid, along with the reporter NBRE-tk-Luc containing the Nur77 (NGFI-B) binding sequence of the POMC gene (Fig. 5B) . As expected, the coexpression of p65 inhibited the transactivation of Nur77, which was efficiently reversed by coexpression of IB, the inhibitor of NF-B. Together, these results suggest that the p65 subunit of NF-B activated by TNF-␣ suppresses Nur77/SF-1 transactivation on the promoters of steroidogenic-enzyme genes, probably through protein-protein interaction, thus inhibiting gene expression.
Because Nur77 family genes show structural similarity and exert functional redundancy (9, 12), we also examined the p65-mediated transactivation inhibition with Nurr-1 and NOR-1, members of the Nur77 gene family (33, 49) (Fig. 5C ). Nurr-1 and NOR-1, as well as Nur77, activated the expression of the reporter NurRE-Luc containing the consensus sequence of Nur77 binding elements, but the activation by Nurr-1 was much greater than the activation by Nur77 or NOR-1. P65 completely inhibited the activation of Nur77-, Nurr-1-, and NOR-1-stimulated gene transcription.
To confirm that the p65-mediated gene suppression worked through interactions with the Nur77 protein rather than through a direct interaction with DNA, Nur77 was tethered to DNA by using a Gal4-fused Nur77 and the reporter Gal4-tkLuc. The Gal4-Nur77 fusion protein induced the expression of the Gal4 luciferase reporter construct by approximately twofold, and p65 coexpression inhibited reporter expression (Fig.  5D) , indicating the functional interaction of p65 with Nur77.
Nur77 directly interacts with the p65 subunit of NF-B through its C-terminal region in vivo. To verify that the functional interaction between p65 and Nur77 involves their physical association, we performed mammalian two-hybrid analysis using p65 fused to the Gal4 DNA-binding domain (Gal4-p65) and Nur77 fused to the VP16 activation domain (VP16-Nur77F) and using Gal4-tk-Luc as a luciferase reporter (Fig.  6A ). Gal4-p65 itself weakly induced luciferase expression but strongly induced reporter expression with the coexpression of VP16-Nur77F, indicating a physical association between p65 and full-length Nur77. The Nur77 domain responsible for its interaction with p65 was investigated by the transfection of 
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Nur77 deletion mutants fused to the VP16 activation domain together with Gal4-p65 (Fig. 6A) . The C terminus of Nur77 (amino acids 297 to 597) (VP16-Nur77C) induced luciferase activity to a level comparable to that induced by the full-length Nur77 (VP16-Nur77F), whereas the N terminus of Nur77 (amino acids 1 to 296) (VP16-Nur77N) and the AF-2 domain deletion mutant (amino acids 586 to 597) (VP16-Nur77⌬AF2) did not. The direct physical interaction between p65 and Nur77 was assessed by GST pull-down analysis. [ 35 S]methionine-labeled p65 produced by in vitro translation was incubated with the GST fusion protein of Nur77 (full length) or its deletion mutants, and [
35 S]methionine-labeled Nur77⌬AF2 was incubated with the GST fusion protein of p65 (Fig. 6B ). p65 interacted with both full-length GST-Nur77 and its C terminus but did not interact with the GST-Nur77 N terminus, while GST-p65 did not interact with Nur77⌬AF2. These results are consistent with the luciferase data from the mammalian two-hybrid analysis (Fig. 6A ) and together suggest that Nur77 directly interacts with p65 through the C-terminal region of Nur77. The data further suggest that the AF2 domain is especially important for the interaction.
To determine whether endogenous Nur77 protein interacts with p65 in vivo, coimmunoprecipitation experiments were carried out using R2C cells treated with TNF-␣ or untreated (Fig.  6C ). Whole-cell extracts were prepared after 1-and 3-h treatments with TNF-␣, and immunoprecipitations were carried out using anti-Nur77 and anti-p65 antibodies. Western blot analysis of the immunoprecipitated material revealed that Nur77 was physically associated with p65 in vivo but only when the cells were treated with TNF-␣.
HDAC activity is not involved in NF-B repression of Nur77 transactivation. To explore how the p65 subunit of NF-B affects Nur77 function, we first assessed the involvement of histone deacetylases (HDACs) using the HDAC inhibitor TSA. In HeLa cells, the transactivation of Nur77 was inhibited by p65 coexpression, but the repressed Nur77 activity was not recovered by TSA treatment (Fig. 7A) . On the other hand, the SF-1 activity repressed by p65 was recovered by TSA treatment, as previously reported (22) . We confirmed the TSA insensitivity of the NF-B repression of Nur77 transactivation with a native steroidogenic-enzyme P450c17 gene promoter. As shown in Fig. 7B , the repression of Nur77 transactivation by p65 coexpression was not affected by TSA treatment, whereas the repressed SF-1 activity was recovered to ϳ80%. These results suggest that HDACs are not involved in the NF-B repression of Nur77 transactivation in the steroidogenic-enzyme gene promoters, whereas they probably are involved in the NF-B repression of SF-1 transactivation.
To verify further that NF-B represses Nur77 transactivation in an HDAC-independent manner, we carried out coimmunoprecipitation experiments using R2C cells treated with TNF-␣ or untreated (Fig. 7C) . Whole-cell extracts were prepared after a 6-h treatment with TNF-␣, and immunoprecipitations were carried out using anti-Nur77 and anti-SF-1 antibodies. Western blot analysis of the immunoprecipitated material revealed that, in response to TNF-␣, the Nur77-p65 complex did not recruit HDACs, whereas the SF-1-p65 complex recruited HDAC4 but not HDAC1, as previously reported (22) .
Because Nur77 and SF-1 have been shown to bind and act through the same site in the P450c17 gene promoter, we investigated the possibility that they interact with each other to heterodimerize. Coimmunoprecipitation and GST pull-down experiments showed that Nur77 and SF-1 interacted neither in vivo nor in vitro (Fig. 7D) .
The p65 subunit of NF-B competes with SRC-1, a Nur77 coactivator, for Nur77 binding. HDAC-independent repression of Nur77 transactivation by NF-B then let us test any alteration of Nur77 DNA-binding activity as an alternative mechanism. Electrophoretic mobility shift assays were done with whole-cell lysates from R2C cells treated with TNF-␣, or untreated, using an NBRE oligomer duplex as a probe. The results revealed no difference between the DNA-binding activities of Nur77 in the two extracts (data not shown).
Because the p65 suppression of Nur77 transactivation included neither recruitment of HDACs nor alteration of the Nur77 DNA-binding activity, we hypothesized that p65 might interfere with the interaction between Nur77 and its coactivators. To test this hypothesis, HeLa cells were cotransfected with Nur77 and SRC-1 expression plasmids along with or without p65 (Fig. 8A) . SRC-1 has been shown to act as a Nur77 coactivator that binds to the AF-1 domain of Nur77 (32) . As expected, the expression of SRC-1 with Nur77 induced Nur77 transcriptional activity and coexpression of p65 blocked SRC-1 enhancement of Nur77 transactivation. SRC-1 also increased the transcriptional activity of Nur77⌬AF2, which has the AF2 domain, which is important for the interaction between Nur77 and p65, deleted. The enhanced transactivation of Nur77⌬AF2 was not inhibited by p65 (Fig. 8B) .
Competition of SRC-1 with p65 for Nur77 binding was subsequently investigated by GST pull-down assays (Fig. 8C) . ported (55) . The binding of SRC-1 to Nur77 decreased as the binding of p65 to Nur77 increased in a dose-dependent manner.
Competition of SRC-1 with p65 for Nur77 binding in vivo was also examined by coimmunoprecipitation experiments using R2C cells that were treated with TNF-␣ or untreated (Fig.  8D ). Whole-cell extracts were prepared after 6 h of treatment with TNF-␣, and immunoprecipitations were carried out using anti-Nur77 antibody. Western blot analysis of the immunoprecipitated material revealed that, in response to TNF-␣, the p65 subunit of NF-B was recruited to Nur77, while SRC-1 lost its association with Nur77. Together, these results suggest that p65 inhibits the transactivation of Nur77 through interference in coactivator binding to Nur77.
NF-B is recruited by Nur77 to the p450c17 gene promoter upon TNF-␣ signaling, causing SRC-1 dissociation. To examine whether TNF-␣ causes NF-B recruitment onto and SRC-1 dissociation from the P450c17 gene promoter, we performed ChIP assays with R2C cells treated with TNF-␣ for 3, 6, and 12 h (Fig. 9A) or untreated. We observed that without TNF-␣ treatment, Nur77, but neither the p65 nor the p50 subunit of NF-B, became associated with the P450c17 gene promoter. However, TNF-␣ treatment resulted in the recruitment of NF-B to the P450c17 gene promoter, given that both p65 and p50 became associated with the endogenous P450c17 gene promoter. SF-1 showed behavior similar to that of Nur77 and was associated with the P450c17 gene promoter in the absence or presence of TNF-␣. Meanwhile, SRC-1, which was associated with the P450c17 gene promoter in the absence of TNF-␣, was dissociated by TNF-␣ treatment. No signal was detected from the control PCR for nonspecific immunoprecipitation using primers specific to the ␤-actin coding region.
NF-B recruitment onto the P450c17 gene promoter upon TNF-␣ signaling was also verified in animals. We performed ChIP assays with testes dissected from adult mice that had been administered TNF-␣ for 6 h and obtained results similar to those with R2C cells (Fig. 9B) . Altogether, the results suggest that NF-B, when activated by TNF-␣ signaling, is recruited to the P450c17 gene promoter through Nur77-DNA interactions, and this NF-B(p65)-Nur77 interaction displaces a coactivator-Nur77 interaction, resulting in the downregulation of P450c17 expression.
DISCUSSION
Over the past several years, it has been proposed that Leydig cells and macrophages in the interstitial tissue of the testis are functionally associated (reviewed in reference 18). Macrophages within the testis have been shown to produce cytokines, such as TNF-␣, in response to immune challenge or chronic inflammatory disease and thereafter inhibit steroidogenesis in Leydig cells (37) . The inhibition of steroidogenesis by cytokines, such as IL-1 and TNF-␣, has also been described in Leydig cell lines (17, 18, 39, 60) . TNF-␣ has been shown to inhibit the LH-or cAMP-activated gene expression of steroidogenic enzymes at the transcriptional level (60) . The present study also demonstrates a similar reduction of steroidogenicenzyme transcripts by TNF-␣ in R2C rat Leydig cells and animals. Such TNF-␣-mediated gene repression of steroidogenic enzymes is likely due to the influence of TNF-␣ signaling on promoter activity. Testosterone production, steroidogenicenzyme mRNA expression, and transcriptional activation of steroidogenic-enzyme genes are repressed by TNF-␣ treatment.
The present study demonstrates that NF-B activation by TNF-␣ is important to the repression of steroidogenic-enzyme genes in Leydig cells. An earlier work also reported that TNF-␣-activated protein kinase C (PKC) represses the cAMP-stimulated steroidogenesis and expression of the P450c17 gene and that treatment with calphostin C, an inhibitor of PKC, overcomes the inhibitory effect of TNF-␣ (30). Because PKC has been shown to mediate the activation of NF-B in many systems (2, 16, 23, 29, 53) , it is possible that TNF-␣-activated PKC also activates NF-B in Leydig cells to downregulate the expression of steroidogenic-enzyme genes. However, we cannot rule out the possibility that TNF-␣-activated PKC and NF-B signaling pathways are independently involved in the inhibition of P450c17 gene expression by TNF-␣. Previous studies have shown that the orphan nuclear receptor SF-1 mediates the transcription of steroidogenic enzymes in Leydig cells (28, 61) . Another orphan nuclear receptor, Nur77, has also been reported to regulate the transcription of the P450c17 gene in testicular Leydig cells (62) . The present study shows that the promoters of StAR, 3␤-HSD, and P450c17 genes are also activated by the expression of Nur77 and that these activations are similar in magnitude to activation by SF-1. These data therefore suggest the involvement of Nur77, as well as SF-1, in the transcriptional regulation of these genes in Leydig cells. Furthermore, the NF-B-mediated suppression of steroidogenic-enzyme genes seems to be Although initial reports suggested that Nur77 binding and SF-1 binding were distinct (57) , our data indicate that Nur77 and SF-1 bind to and elicit an activity on the same DNA element in the P450c17 gene promoter (38, 62) . In addition, a recent study has shown that Nur77 and SF-1 bind to the same two binding sites within the promoter of the mouse GnRH receptor gene in vitro (45) . These data suggest that Nur77 and SF-1 may share some binding elements in some genes while having distinct binding elements in others. Hence, it is possible that Nur77 binds to only a subset of SF-1 binding sites, and vice versa.
The coregulators of Nur77 are unclear. Recent studies have shown that SRC-1 family members activate the transactivation of Nur77 through protein-protein interaction with the N-terminal AF-1 region of Nur77 (32) . In the present study, we demonstrate that the p65 subunit of NF-B, which binds to the C-terminal region of Nur77, competes with SRC-1 for Nur77 binding and blocks the SRC-1 enhancement of Nur77 transactivation. Intramolecular interactions between the N-and Cterminal regions of Nur77 have been demonstrated previously (55) . Thus, p65 binding to the C-terminal region of Nur77 may block the recruitment of SRC-1 to the N-terminal region. Similar observations have been reported for the androgen receptor (AR), which also exhibits N-C domain interactions. For example, SMRT, which binds to the ligand-binding domain of AR, competes with TIF2, which binds to the N-terminal region and the DNA-binding domain, to regulate the transcriptional activity of AR (3, 31) .
In summary, we have demonstrated that TNF-␣-activated NF-B inhibits the transactivation of orphan nuclear receptors, Nur77 and SF-1, thereby resulting in the downregulation of steroidogenic-enzyme gene expression in Leydig cells. Such an inhibitory action is most likely mediated in two distinct ways, competition of the p65 subunit with the Nur77 coactivators for Nur77 binding and recruitment of HDACs by p65 that becomes associated with SF-1. These findings may provide the molecular mechanism underlying the inhibition of testicular steroidogenesis by proinflammatory cytokines, which are produced by macrophages within the testis in response to immune challenge or chronic inflammatory disease.
